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Centriole duplication occurs once per cell cycle,
ensuring that each cell contains two centrosomes,
each containing a mother-daughter pair of tightly
engaged centrioles at mitotic entry. Loss of the tight
engagementbetweenmotheranddaughter centrioles
appears to license the next roundof centriole duplica-
tion. However, the molecular mechanisms regulating
this process remain largely unknown. Mutations in
CDK5RAP2, which encodes a centrosomal protein,
cause autosomal recessive primary microcephaly in
humans. Here we show that CDK5RAP2 loss of func-
tion in mice causes centriole amplification with
a preponderance of single, unpaired centrioles and
increased numbers of daughter-daughter centriole
pairs. These results indicate that CDK5RAP2 is
required to maintain centriole engagement and cohe-
sion, thereby restricting centriole replication. Early in
mitosis, amplified centrosomes assemble multipolar
spindles in CDK5RAP2 mutant cells. Moreover, both
mother and daughter centrioles are amplified and
the excess mother centrioles template multiple
primary cilia in CDK5RAP2mutant cells.
INTRODUCTION
Centrosomes perform diverse and critical functions. Perturba-
tions in centrosome function form the etiological basis for
a growing number of human diseases (Nigg and Raff, 2009).
The mammalian centrosome consists of a centriole pair sur-
rounded by pericentriolar material (PCM), a proteinaceous
matrix that supports microtubule nucleation, polymerization,
and stability (Doxsey, 2001; Bornens, 2002; Luders and Stearns,
2007). Centrosomes contain two structurally distinct centrioles,
a mature ‘‘mother’’ centriole, distinguished by distal and subdis-
tal appendages, and a ‘‘daughter’’ centriole that lacks these
appendages (Vorobjev and Chentsov Yu, 1982; Paintrand
et al., 1992). In the absence of centrioles, the PCM becomes
unstable and dispersed (Bobinnec et al., 1998). Although typicalDevelcentrosomes consist of centriole pairs, a single centriole can
also assemble PCM. Therefore, centriole numbers define centro-
some numbers within cells.
The centriole duplication cycle is tightly regulated to ensure
that duplication occurs only once per cell cycle (Tsou and
Stearns, 2006a; Azimzadeh and Bornens, 2007; Bettencourt-
Dias and Glover, 2007; Nigg, 2007). Deregulation of the duplica-
tion cycle can lead to centrosome amplification, thereby
increasing the frequency of multipolar spindles and likely
contributing to aneuploidy due to errors in chromosome segre-
gation (Brinkley, 2001; Pihan and Doxsey, 2003; Nigg, 2006;
Ganem et al., 2009). The formation of multipolar spindles when
centrosomes amplify is offset by a centrosome clustering mech-
anism that suppresses such occurrences (Sluder et al., 1997;
Quintyne et al., 2005; Basto et al., 2008; Kwon et al., 2008;
Yang et al., 2008). The mitotic checkpoint is activated in cells
with multiple centrosomes (Basto et al., 2008; Kwon et al.,
2008; Yang et al., 2008; Ganem et al., 2009), yet aberrant micro-
tubule attachments to kinetochores can still occur prior to clus-
tering (Ganem et al., 2009).
Centriole biogenesis is a highly orchestrated process that
culminates in the organization of triplet microtubule blades into
an elegant 9-fold rotationally symmetric cylinder (Bettencourt-
Dias and Glover, 2007; Strnad and Gonczy, 2008). The proteins
and mechanisms involved in restricting centriole duplication to
once per cell cycle have recently begun to be elucidated (Tsou
and Stearns, 2006a; Nigg, 2007; Strnad and Gonczy, 2008). After
cell division, a cell inherits a pair of disengaged but cohered
centrioles (Nigg, 2007). Centriole cohesion is the tethering of
centriole pairs by cohesion fibers during interphase (Bahe
et al., 2005; Yang et al., 2006). In G1, the mother centriole initi-
ates formation of the primary cilium (Ishikawa et al., 2005;
Bettencourt-Dias and Glover, 2007). In S phase, each centriole
templates the assembly of a single daughter centriole, which
grows from its proximal base and remains tightly bound, or
‘‘engaged,’’ until disengagement occurs at mitosis. During G2,
the engaged centriole pairs remain tethered by cohesion. Cohe-
sion is lost at mitotic onset coincident with centrosome separa-
tion in preparation for mitotic spindle assembly (Faragher and
Fry, 2003). The mother-daughter centriole pairs, however,
remain engaged until anaphase of the ensuing mitosis. At the
metaphase-to-anaphase transition, centriole disengagement
requires the activation of the protease separase (Tsou andopmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc. 913
Figure 1. CDK5RAP2 Is a Centrosomal
Protein Whose Levels Change with the Cell
Cycle
(A) Schematic comparing Drosophila CNN, with
human and mouse CDK5RAP2 proteins. Two
conserved domains, each about 60 amino acids
in length, are designated CNN motifs 1 (CM1)
and 2 (CM2). The black line indicates the region
used to raise antibodies. The identities and similar-
ities between CNN and mCDK5RAP2 within CM1
and CM2 are shown. In addition to these
conserved blocks, CNN family members contain
extensive coiled-coil regions.
(B) Immunofluorescence images of NIH 3T3
mouse fibroblasts stained for CDK5RAP2 (red),
the microtubule marker a-tubulin (green), and
DNA (blue) at different stages of the cell cycle.
Insets are enlargements of CDK5RAP2 signal to
highlight changes in CDK5RAP2 levels at centro-
somes. Scale bar = 10 mm. See also Figure S1.
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centriole engagement is the licensing step that allows centrioles
to undergo a single round of replication (Tsou and Stearns,
2006a, 2006b; Nigg, 2007).
CDK5RAP2 is a resident centrosome protein and an ortholog
ofDrosophila centrosomin (CNN) (Megraw et al., 2001). Homozy-
gous mutations in CDK5RAP2, microcephalin (MCPH1),
abnormal spindle-like microcephaly associated (ASPM), centro-
mere associated protein J (SAS4/CPAP/CENPJ), and SCL/TAL1
interrupting locus (STIL) cause autosomal recessive primary
microcephaly (MCPH; MIM 251200), a condition characterized
by the overall reduction of brain size (Bond et al., 2002; Jackson
et al., 2002; Trimborn et al., 2004; Bond et al., 2005; Kumar et al.,
2009). All five of the mapped MCPH genes encode centrosomal
proteins, implicating a critical role for the centrosome in brain
development (Bond et al., 2005; Zhong et al., 2005, 2006; Pfaff
et al., 2007). In addition, the essential centrosomal protein peri-
centrin is linked to Seckel syndrome (MIM 210600) and microce-
phalic osteodysplastic primordial dwarfism type II (MIM 210720)
(Griffith et al., 2008; Rauch et al., 2008). Like MCPH, Seckel
syndrome and microcephalic osteodysplastic primordial
dwarfism type II are associated with reduced brain size, suggest-
ing a common role for these centrosome proteins in related
processes during development.
In this study we show that centrioles are amplified in loss-of-
function CDK5RAP2 mutant cells. Consequently, CDK5RAP2
mutant mouse embryonic fibroblasts (MEFs) frequently dis-
played multipolar spindles and were delayed in mitosis. In addi-
tion, the excess mother centrioles in CDK5RAP2 mutant MEFs
promoted assembly of multiple primary cilia. In strong loss-of-914 Developmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc.function CDK5RAP2 mutant MEFs,
centrioles were disengaged and lost the
normal paired configuration. We propose
that CDK5RAP2 is required to maintain
centriole engagement and cohesion.
As centriole engagement is a key step
in licensing centriole replication,
CDK5RAP2 is therefore a negative regu-lator of centriole licensing. Thus, CDK5RAP2 restricts centriole
duplication by maintaining centriole engagement.
RESULTS
Centrosomal Levels of CDK5RAP2 Change
with the Cell Cycle
CDK5RAP2 is a member of the CNN family of proteins,
conserved among eukaryotes from yeast to humans. The found-
ing member of this family, CNN, is required for mitotic centro-
some function in Drosophila melanogaster (Megraw et al.,
2001; Mahoney et al., 2006). The yeast S. pombe ortholog
Mto1p is similarly required for microtubule-organizing center
(MTOC) functions (Sawin et al., 2004; Venkatram et al., 2004;
Zimmerman and Chang, 2005). CDK5RAP2 shares homology
with two domains in Drosophila CNN, CNN Motifs 1 and 2
(Figure 1A). In flies, CNN is essential for the formation of the
PCM; it is recruited to centrosomes at mitotic onset and main-
tains centrosomal localization throughout mitosis until its disso-
ciation during cytokinesis (Li and Kaufman, 1996). We examined
the subcellular localization and dynamics of CDK5RAP2 to
investigate its relationship with the centrosome.
To examine subcellular localization and dynamics of
CDK5RAP2 during the cell cycle, antibodies were produced
against the amino-terminal end of mouse CDK5RAP2
(Figure 1A). Immunostaining showed that CDK5RAP2 is a centro-
somal protein (Figure 1B), consistent with previous reports (Bond
et al., 2005; Graser et al., 2007; Fong et al., 2008), and localizes
to centrosomes independent of microtubules (Figure 2E).
GFP-CDK5RAP2 also localized to centrosomes in transiently
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line). Next, changes in CDK5RAP2 levels at centrosomes during
the cell cycle were examined in NIH 3T3 cells (Figure 1B). Levels
of CDK5RAP2 were relatively low at interphase centrosomes,
increased at mitotic prophase, and remained high throughout
mitosis until telophase, when signal dropped to interphase levels
(Figure 1B). While CDK5RAP2 is a centriolar resident (Graser
et al., 2007; Fong et al., 2008), the results here show that
CDK5RAP2 accumulates at centrosomes in mitosis, consistent
with CDK5RAP2 localization to the PCM, which grows at mitosis
(Palazzo et al., 2000). Thus, CDK5RAP2 is a centrosomal protein
whose centrosomal levels are regulated in a cell cycle-dependent
manner. Because CDK5RAP2 impacts human health, we next
sought to examine the function of CDK5RAP2 in mammalian cells
by generating two mouse models for CDK5RAP2 deficiency.
Generation of CDK5RAP2 Mutant Mice
CDK5RAP2 mutant mice were derived using two Bay Genomics
embryonic stem cell clones, RRU031 and RRF465, harboring
transposon splice-trap insertions within introns 3 and 12 of the
CDK5RAP2 locus, respectively. The splice-trap vector used to
generate the CDK5RAP2 mutations contains a superior splice
site upstream of a ‘‘b-Geo’’ fusion cassette, a fusion between
b-galactosidase and neomycin phosphotransferase (Stryke
et al., 2003).
In CDK5RAP2Gt(RRU031)Byg/Gt(RRU031)Byg and CDK5
RAP2Gt(RRF465)Byg/Gt(RRF465)Byg mutant mice (hereafter referred
to as CDK5RAP2RRU031/RRU031 and CDK5RAP2RRF465/RRF465),
the splice traps result in translation of the first 64 and 435 amino
acids of CDK5RAP2, respectively, fused to b-Geo (Figures 2A–
2D). The truncated proteins expressed from these CDK5RAP2
alleles are similar to the predicted protein products of the
human CDK5RAP2 mutations, S81X and E385fsX4, which result
in truncations of 81 and 389 amino acids, respectively (Figures
2A and 2C) (Bond et al., 2005). Homozygous mutant CDK5RAP2
mice (RRU031 and RRF465) were viable and born at expected
Mendelian ratios. Female CDK5RAP2RRF465/RRF465 mice were
fertile (n = 5). Males, however, showed variable fertility, with
two out of six mice showing infertility (n = 6). Neither group of
CDK5RAP2 mutant mice showed evidence of reduced brain
size (Figure S2A; data not shown).
We characterized and compared CDK5RAP2 expression
between the two mutants using affinity-purified CDK5RAP2 anti-
body. The region used to raise antibodies was retained in the
CDK5RAP2RRF465/RRF465 mutant fusion protein (Figures 1A and
2B). Immunoblots of whole cell lysates showed that CDK5
RAP2+/+ MEFs expressed full-length protein, heterozygous
CDK5RAP2+/RRF465 MEFs expressed full-length and mutant
fusion proteins, and homozygous CDK5RAP2RRF465/RRF465
MEFs expressed only the CDK5RAP2 mutant fusion protein
(Figure 2B). In contrast, homozygous CDK5RAP2RRU031/RRU031
MEFs expressed full-length CDK5RAP2 at 7% of wild-type
levels (Figure 2D). Therefore, the RRU031 mutation is leaky
and hypomorphic. These results reveal differences in the relative
strengths of the two splice trap mutations and establish a
mouse mutant model of MCPH and of the CNN family of centro-
somal proteins.
The centrosome phenotypes described below support the
observations that theCDK5RAP2RRU031/RRU031 mutation is hypo-Develmorphic, expressing a low amount of full-length CDK5RAP2, and
the CDK5RAP2RRF465/RRF465 mutation is more severe.Centrosome Disruptions in CDK5RAP2 Mutant Cells
To investigate CDK5RAP2 functions in centrosome struc-
ture and regulation we established MEF primary cell cul-
tures from embryonic day 14.5 (E14.5) embryos. The
CDK5RAP2RRF465/RRF465 protein was stable (Figure 2B) and
retained centrosome localization (Figures 2E and 2F). From
these data we conclude that the first 435 amino acids of
CDK5RAP2 are sufficient for centrosomal localization. However,
full-length CDK5RAP2 and the mutant fusion protein in
CDK5RAP2RRF465/RRF465 MEFs exhibited different patterns of
localization at centrosomes. Full-length CDK5RAP2 localized
to centrioles and also to fibrous projections that emanated
from the centrosome (Figures 2E and 2F). These PCM fibers
were not microtubules or microtubule dependent, as localization
of CDK5RAP2 to these structures persisted upon microtubule
disassembly with nocodazole (Figure 2E; Figure S2B). The
CDK5RAP2RRF465/RRF465 protein failed to localize to PCM fibers,
yet retained centriole localization (Figures 2E and 2F). Thus, the
normal PCM architecture of centrosomes was disrupted in
CDK5RAP2RRF465/RRF465 MEFs.
We examined the impact of CDK5RAP2RRF465/RRF465 on the
localization of other centrosome proteins and found that
rootletin, a cohesion fiber protein (Bahe et al., 2005), colocalized
with CDK5RAP2 at PCM fibers in CDK5RAP2+/+ MEFs. Again,
nocodazole treatment demonstrated that colocalization of
CDK5RAP2 and rootletin at PCM fibers was not microtubule
dependent (Figure S2B). However, rootletin localization to PCM
fibers was disrupted in CDK5RAP2RRF465/RRF465 MEFs and, to
a lesser and variable degree, also in CDK5RAP2RRU031/RRU031
MEFs (Figures 2F and 2G). While rootletin localization to PCM
fibers was completely disrupted in CDK5RAP2RRF465/RRF465
MEFs, the incidence of weak rootletin signal at PCM fibers
increased more than 2-fold in CDK5RAP2RRU031/RRU031 MEFs
(28% versus 66%, respectively) (Figures 2G and 2H). These
results show that CDK5RAP2 regulates assembly of a cohesion
fiber protein, consistent with the requirement for CDK5RAP2 in
centrosome cohesion (Figures 2I and Figure S3B) (Graser
et al., 2007). Interestingly, PCM fibers were not prominent in all
mouse cells; centrosomes in NIH 3T3 cells did not display these
structures as elaborately (Figure 1B). Nevertheless, disruption of
rootletin localization shows that centrosome structure is altered
in CDK5RAP2 mutant MEFs. In contrast, CDK5RAP2 mutant
MEFs showed normal centrosomal localization of cenexin/
ODF2, centrobin, centrin, g-tubulin, pericentrin, TOG, aurora-A,
and EB1 (Figures 3A and 5A; Figure S5A; data not shown).CDK5RAP2 Restricts Centriole Duplication
Centrosome amplification was a prominent feature of CDK5
RAP2RRF465/RRF465 MEFs. Costaining for g-tubulin to label PCM
and centrin to label centrioles showed that CDK5RAP2+/+ MEFs
contained one or two pairs of centrin puncta, representing nor-
mal centriole complements in G1 or G2, respectively (Figure 3A).
In contrast, a high percentage of CDK5RAP2RRF465/RRF465 MEFs
had greater than two centrin and g-tubulin puncta, showing that
these cells had amplified centrioles (Figure 3A and see below).opmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc. 915
Figure 2. Centrosome Disruption in CDK5RAP2 Mutant MEFs
(A and C) The truncated CDK5RAP2 products expressed inCDK5RAP2RRF465/RRF465 (A) andCDK5RAP2RRU031/RRU031 (C) mutant mice are similar to the two map-
ped human mutations. Schematics show the protein fragments predicted to result from the human mutations, E385fsX4 and S81X (Bond et al., 2005), and the
CDK5RAP2/b-GEO mutant fusion proteins expressed in CDK5RAP2RRF465/RRF465 and CDK5RAP2RRU031/RRU031 mice.
(B and D) Western blots of CDK5RAP2 from whole cell lysates collected from sibling MEF cultures of the indicated genotypes. The positions of the wild-type and
fusion proteins expressed in the RRF465 mutant (B) and the relative expression level of wild-type CDK5RAP2 in the RRU031 mutant (D) are indicated. a-Tubulin
was probed as a loading control.
(E) Nocodazole-treated CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs stained for CDK5RAP2 (red), a-tubulin (green), and DNA (blue).
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CDK5RAP2 Regulates Centriole EngagementCDK5RAP2RRF465/RRF465 cells had a greater than 4-fold
increase in the occurrence of three centrioles (CDK5RAP2+/+:
2.5% versus CDK5RAP2RRF465/RRF465: 11.2%) and a greater
than 5-fold increase in cells with more than four centrioles
(CDK5RAP2+/+: 4.2% versus CDK5RAP2RRF465/RRF465: 22.0%).
A reciprocal decrease in cells with two centrioles occurred in
CDK5RAP2RRF465/RRF465 MEFs (CDK5RAP2+/+: 85.0% versus
CDK5RAP2RRF465/RRF465: 49.8%) (Figure 3B). Heterozygous
RRF465 MEFs were similar to CDK5RAP2+/+ MEFs; only 2% of
cells had greater than four centrioles (data not shown). There-
fore, the RRF465 gene trap allele is not a dominant mutation in
CDK5RAP2. Overall, 33.2% of CDK5RAP2RRF465/RRF465 MEFs
exhibited amplified centrioles compared to only 6.7% of
CDK5RAP2+/+ MEFs. Thus, CDK5RAP2RRF465/RRF465 MEFs
have an altered centriole replication cycle that results in centriole
amplification. In contrast, no centrosome amplification was
observed in CDK5RAP2RRU031/RRU031 MEFs, an indication that
only a small fraction of full-length CDK5RAP2 is sufficient to
restrict centriole replication (Figure S3A).
Centrosome amplification was also observed in vivo in fetal
CDK5RAP2RRF465/RRF465mice. We counted centrosome numbers
in sections of E14.5 fetal brains by immunofluorescence staining
for pericentrin and DNA to identify centrosomes and nuclei,
respectively. Centrosomes were amplified in cells of the fetal
frontal cortex in vivo compared to wild-type siblings (Figure 3C),
indicating that centrosome amplification occurs in vivo in the
developing cerebral cortex of CDK5RAP2RRF465/RRF465 mice.
InCDK5RAP2RRF465/RRF465 MEFs centriole amplification could
arise as an indirect effect on the cell cycle. To assess cell cycle
block or delay, MEF cell cycle profiles were analyzed using
flow cytometry. Cell cycle profiles from CDK5RAP2+/+ and
CDK5RAP2RRF465/RRF465 cultures were indistinguishable (Fig-
ures S3C and S3D), indicating that centriole amplification in
CDK5RAP2RRF465/RRF465 MEFs is not due to an overt indirect
effect on the cell cycle. Nevertheless, wild-type and CDK5RAP2
mutant sibling MEFs had different growth capacities. Whereas
CDK5RAP2+/+ MEFs proliferated to passage 15 (P15),
CDK5RAP2RRF465/RRF465 MEFs slowed or arrested between P8
and P10, and after P4 a higher percentage of cells were needed
to seed a culture. Following P8–P10, CDK5RAP2RRF465/RRF465
MEFs remained viable but would no longer grow to confluence.
The underlying cause of this premature senescence and its link
to centriole amplification is unclear. However, overall these
data show that CDK5RAP2RRF465/RRF465 MEFs have an altered
centriole replication cycle, uncoupled from the cell cycle, which
results in centriole amplification.
Centriole Amplification Is Associated with Increased
Nuclear Size
Another salient phenotype ofCDK5RAP2RRF465/RRF465MEFs was
the presence of enlarged nuclei (Figure 3A). Frequently, the(F) CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs stained for CDK5RAP2 (re
(G) Images of wild-type and CDK5RAP2 mutant MEFs stained for g-tubulin (red)
(H) Comparison between strong PCM fibers (CDK5RAP2+/+: 72% ± 4% vers
(CDK5RAP2+/+: 28% ± 4% versus CDK5RAP2RRU031/RRU031: 66% ± 2%, p < 0.05
n = 50 cells total from two independent cell lines.
(I) Centrosome splitting was scored when centrosomes were >2 mm apart (CD
p < 0.05). n = 110 cells total from five independent experiments. Insets are e
See also Figure S2.
Develnuclear diameter was increased approximately 3-fold (Fig-
ure S4). Quantification of nuclear size revealed a small but
significant increase in the average nuclear area of CDK5
RAP2RRF465/RRF465 cells (CDK5RAP2+/+: 230.3 mm2 versus
CDK5RAP2RRF465/RRF465: 262 mm2). However, the mean nuclear
area was significantly larger (528 mm2) among CDK5
RAP2RRF465/RRF465 MEFs with amplified centrioles (Figure 4A).
Since centriole amplification and increased DNA content would
coincide if cytokinesis failed, we measured DNA content between
CDK5RAP2+/+ andCDK5RAP2RRF465/RRF465 MEFs. DNA analysis
by flow cytometry revealed no increase of polyploid cells in
CDK5RAP2RRF465/RRF465 MEFs, nor did we observe an increase
of binucleate cells to indicate cytokinesis defects. In addition,
we compared the fluorescence signal of the nuclear stain DAPI
between CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs
with amplified centrosomes and compared this to wild-type binu-
cleate cells as a polyploid control. Binucleate cells had approxi-
mately 2-fold increase in DAPI signal compared to
CDK5RAP2+/+ or CDK5RAP2RRF465/RRF465 MEFs with amplified
centrosomes (Figure 4B). Therefore, we conclude that
CDK5RAP2RRF465/RRF465 MEFs exhibit nuclear enlargement
without increased DNA content and that increased nuclear size
correlates with centriole amplification. While nuclear size corre-
lated with centriole amplification, this was not specific to
CDK5RAP2 mutant cells and was seen in the wild-type MEFs
upon the relatively rare centriole amplification event (Figure 4B).
Centrioles Lose Engagement and Cohesion
in CDK5RAP2 Mutant MEFs
In addition to centriole amplification, CDK5RAP2RRF465/RRF465
MEFs showed a significantly higher incidence of single centrioles
(Figures 3A and 3D and Table 1). This is in contrast to wild-type
cells where centrioles are predominantly configured as pairs.
Centrosome structure within MEFs was examined with immuno-
fluorescence microscopy, using antibodies against the centriole
marker centrin and PCM marker g-tubulin. Typical of normal
cells, CDK5RAP2+/+ MEFs had two centrioles in close proximity
that each assembled PCM in G1 and two engaged pairs of
centrioles, where each pair assembled PCM in G2 (Figure 3A).
In contrast, CDK5RAP2RRF465/RRF465 MEFs contained several
different centriole configurations including paired centrioles,
single centrioles, and clusters of three or more centrioles
(Figure 3A).
We quantified these effects by counting mother and daughter
centrioles immunostained for the mother centriole marker cen-
exin/ODF2 and g-tubulin or centrin as general centriole markers
and with cenexin plus centrobin as a mother and daughter
centriole combination (Figure 5A; Figure S5A). In this analysis,
the paired configuration, including one mother and one daughter
centriole, was used to describe ‘‘normal’’ centrosomes. The inci-
dence of MEFs containing one or more singlet centriolesd), the cohesion fiber protein rootletin (green), and DNA (blue).
, the cohesion fiber protein rootletin (green), and DNA (blue).
us CDK5RAP2RRU031/RRU031: 34% ± 2%, p < 0.05) and weak PCM fibers
). The CDK5RAP2RRU031/RRU031 MEF in (G) is an example of weak PCM fibers.
K5RAP2+/+: 27.4% ± 3.6% versus CDK5RAP2RRU031/RRU031: 47.2% ± 6.4%,
nlargements of the centrosome region and PCM fibers. Scale bar = 10 mm.
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Figure 3. CDK5RAP2 Restricts Centriole
Duplication
(A) CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465
MEFs were stained for the PCM marker g-tubulin
(red), the centriole marker centrin (green), and
DNA (blue). Paired centrioles in G1 and G2
CDK5RAP2+/+ MEFs are shown. The example
CDK5RAP2RRF465/RRF465 MEF shows three singlet
centrioles, one apparent pair, and a cluster of
three. Three enlargements are shown on the right.
Scale bar = 10 mm.
(B) Quantification of cells with two, three, four, or
greater than four centrioles in CDK5RAP2+/+
(green bars) and CDK5RAP2RRF465/RRF465 (red
bars) cells. MEFs containing two centrioles
(CDK5RAP2+/+: 85.0% ± 1.3% versus
CDK5RAP2RRF465/RRF465: 49.8% ± 2.5%,
p < 0.01), three centrioles (CDK5RAP2+/+: 2.5% ±
0.3% versus CDK5RAP2RRF465/RRF465: 11.2% ±
0.6%, p < 0.05), four centrioles (CDK5RAP2+/+:
8.3% ± 0.3% versus CDK5RAP2RRF465/RRF465:
17% ± 2.8%, p > 0.05), and greater than four
centrioles (CDK5RAP2+/+: 4.2% ± 0.7% versus
CDK5RAP2RRF465/RRF465: 22.0% ± 1.5%,
p < 0.005).
(C) Quantification of cells showing singlet centri-
oles in CDK5RAP2+/+ (9.7% ± 1.4%; green bars)
and CDK5RAP2RRF465/RRF465 (40.8% ± 0.6%,
p < 0.005; red bars) cultures. Data were collected
from three independent experiments; n = 200 cells
per experiment.
(D) E14.5 coronal brain sections fromCDK5RAP2+/
+ and CDK5RAP2RRF465/RRF465 embryonic mice
were stained for pericentrin and DNA and the
number of nuclei and centrosomes were counted
in multiple fields. Three or more fields were
counted in three separate brain sections.
CDK5RAP2+/+ brains had a centrosome to nuclei
ratio of 0.96 ± 0.01 compared to 1.62 ± 0.05 in
CDK5RAP2RRF465/RRF465 brains (p = 0.0051).
(E) Model of daughter centriole amplification in
CDK5RAP2RRF465/RRF465 cells. In wild-type cells,
disengaged mother (with red subdistal append-
ages) and daughter centrioles template assembly
of a new centriole in S phase. The two centriole
pairs remain engaged and at G2 the older daughter
centriole is decorated with mother centriole vest-
ments. We propose that in CDK5RAP2RRF465/
RRF465 cells the parent centrioles fail to remain
engaged with the nascent centrioles they have
fostered, leading to relicensing and reduplication
of the disengaged centrioles, thereby increasing
the pool of daughter-daughter pairs transiting
from S to G2. See also Table 1 and Figure S3.
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mutant relative to wild-type (CDK5RAP2+/+: 9.7% versus
CDK5RAP2RRF465/RRF465: 40.8%) (Figure 3D; Table 1 summa-
rizes all centriole configurations). The presence of singlet centri-
oles indicated that both centriole engagement and cohesion
failed. Normally, late in G2, loss of centrosome cohesion occurs
when centrosomes separate prior to mitotic spindle formation.
A role for CDK5RAP2 in cohesion was previously reported by
siRNA knockdown, yet no centriole amplification or disengage-918 Developmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Iment was observed (Graser et al., 2007). We wondered whether
CDK5RAP2RRU031/RRU031 MEFs also displayed loss of centriole
cohesion since the low level of full-length protein in this mutant
may mimic siRNA knockdown. Indeed, centrosome splitting
increased by more than 70% in CDK5RAP2RRU031/RRU031 MEFs
(Figures 2I; Figure S3B). We conclude that RRU031 is a weak
loss-of-function CDK5RAP2 mutation due to the low expression
level of full-length CDK5RAP2. Moreover, we conclude that the
hypomorphic phenotype of CDK5RAP2 is loss of cohesion,nc.
Figure 4. CDK5RAP2RRF465/RRF465 MEFs with Amplified Centrioles
Have Enlarged Nuclei
(A) Nuclei were stained with DAPI, and nuclear area (mm2) was measured
from micrographs (CDK5RAP2+/+: 230.3 mm2 ± 5.6 mm2 versus CDK5
RAP2RRF465/RRF465: 262.0 mm2 ± 9.5 mm2, p < 0.05); nR 200 cells per experi-
ment. CDK5RAP2RRF465/RRF465 MEFs with amplified centrioles predominate
this phenotype, with an area of 528.0 mm2 ± 13.4 mm2; n = 50 cells per exper-
iment. Data were collected from three independent experiments.
(B) DAPI signal (arbitrary units) was compared between CDK5RAP2+/+ and
CDK5RAP2RRF465/RRF465 MEFs with one or two centrosomes [CDK5RAP2+/+:
3.9 3 106 ± 0.1 3 106 (filled square) versus CDK5RAP2RRF465/RRF465: 4.0 3
106 ± 0.3 3 106 (filled triangle)] and MEFs with greater than two centro-
somes [CDK5RAP2+/+: 7.2 3 106 ± 1.2 3 106 (open circle) versus
CDK5RAP2RRF465/RRF465: 8.5 3 106 ± 0.8 3 106 (open triangle)] and these
were then compared to wild-type binucleate cells [15.0 3 106 ± 0.7 3 106
(open square)]. n = 10 and 11 for wild-type binucleate cells and
CDK5RAP2+/+ MEFs with one or two centrosomes, respectively, and nR 20
for all other samples. See also Figure S4.
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also loss of centriole engagement.
CDK5RAP2RRF465/RRF465 MEFs possessed multiple mother
centrioles and, since CDK5RAP2RRF465/RRF465 MEFs exhibited
no irregularities in cell cycle profile (Figures S3C and S3D), we
attributed this to the accumulation of mother centrioles following
centriole amplification (Figures 5A and 5B). The majority of
CDK5RAP2+/+ MEFs contained one (89.3%) or two (8.2%)
mother centrioles, reflecting the G1/S and G2 stages of the cell
cycle, respectively. In contrast, fewer CDK5RAP2RRF465/RRF465
MEFs contained one mother centriole (62.5%), while significantly
more cells contained two mother centrioles (26.3%). In addition,
mother centriole numbers in excess of two were increased moreDevelthan 4-fold in CDK5RAP2RRF465/RRF465 MEFs (CDK5RAP2+/+:
2.3% versus CDK5RAP2RRF465/RRF465: 10.0%) (Figure 5B). Since
the cell cycle was unaffected, the increased number of
CDK5RAP2RRF465/RRF465 cells with two mother centrioles must
represent a substantial fraction of cells in G1 with excess mother
centrioles. With this consideration, we infer that approximately
28.1% of CDK5RAP2RRF465/RRF465 MEFs have amplified mother
centrioles. Daughter centriole numbers exceeded mother centri-
oles (Figure 5C), consistent with our model that centriole
engagement is lost and multiple rounds of daughter synthesis
occur in each cell cycle (Figure 3E and see below). Thus,
the prevalence of single centrioles and amplified daughter
centrioles in CDK5RAP2RRF465/RRF465 cells indicates that
CDK5RAP2 restricts centriole duplication by maintaining
centriole engagement.
Another frequent centriole configuration seen in CDK5
RAP2RRF465/RRF465 MEFs was ‘‘daughter-daughter’’ pairs
(Table 1). Centriole maturation, monitored here by recruitment
of cenexin/ODF2 to mother centrioles, occurs late in G2 phase
(Lange and Gull, 1995). Therefore, the population of daughter-
daughter centriole pairs, normally seen only in cells transiting
between S and G2, will increase if centriole engagement
fails and daughter centrioles reduplicate (Figure 3E). CDK5
RAP2RRF465/RRF465 MEFs showed an approximately 5-fold
increase in daughter-daughter pairs (CDK5RAP2+/+: 2.3% ±
0.4% versus CDK5RAP2RRF465/RRF465: 11.2% ± 1.2%, mean ±
SEM, p < 0.05). Thus, CDK5RAP2RRF465/RRF465 centrioles lose
engagement and become relicensed to duplicate, as shown
not only by the presence of singlet centrioles but also by the
increased numbers of daughter-daughter pairs (Figure 3E,
model).
Amplified Mother Centrioles Template Ectopic Primary
Cilia in CDK5RAP2RRF465/RRF465 MEFs
New centrioles form in S phase and mature into mother centri-
oles in G2 phase of the following cell cycle. Most vertebrate cells
contain a single non-motile primary cilium (Bettencourt-Dias and
Glover, 2007; Nigg and Raff, 2009). In G1 the mother centriole
migrates to the plasma membrane, becomes a basal body,
and templates assembly of the primary cilium (Ishikawa et al.,
2005). Centriole amplification led us to hypothesize that the
supernumerary mother centrioles in CDK5RAP2RRF465/RRF465
MEFs (Figures 5A–5C) could result in the assembly of ectopic
primary cilia.
We asked whether the amplification of mother centrioles in
CDK5RAP2RRF465/RRF465 MEFs was associated with changes in
the proficiency and frequency of primary cilium assembly.
When cultured in serum-deprived medium, many cells assemble
a primary cilium upon entering G0, a prolonged resting state.
We subjected MEFs to serum starvation and immunostained
with anti-acetylated a-tubulin antibody to label axoneme
microtubules and with antibodies to g-tubulin to label the
centrioles/basal bodies (Figure 5D). CDK5RAP2+/+ and
CDK5RAP2RRF465/RRF465 MEFs were equally proficient at
primary cilium formation (CDK5RAP2+/+: 71.2% versus CDK5
RAP2RRF465/RRF465: 74.0%) (Figure 5E). CDK5RAP2+/+ MEFs
formed a single primary cilium templated from one of two
interphase centrioles (Figures 5D and 5F). In contrast,
CDK5RAP2RRF465/RRF465 MEFs with amplified centrioles formedopmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc. 919
Table 1. Centriole Configurations
Genotype
Class Key CDK5RAP2+/+ CDK5RAP2RRU465/RRU465
Paired (m/d) 368 219
2 singles (m/d) 142 81
2 pairs (m/d; m/d) 8 33
2 pairs
split (m/d; m/d)
15 15
1 pair (m/d) – 2 singles (m + d) 11 19
1 pair (m/d) – 1 single (m) 1 15
1 pair (m/d) – 1 single (d) 8 11
2 pairs (m/d; d/d) 2 3
2 pairs
split (m/d; d/d)
7 4
1 pair (d/d) – 2 singles (m + d) 0 3
1 pair (d/d) – 1 single (m) 0 2
1 pair (d/d) – 1 single (d) 1 0
4 singles (2m + 2d) 3 12
3 singles (1m + 2d) 1 8
3 singles (2m + 1d) 0 3
>4 singles 1 10
1 pair (m/d) –R3 singles 5 23
1 pair (d/d) –R3 singles 4 4
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Table 1. Continued
Genotype
Class Key CDK5RAP2+/+ CDK5RAP2RRU465/RRU465
R2 pairs ± multiple singles 13 63
1 triplet (m/d/d) 3 25
1 triplet (m/d/d) –R1 pair 1 11
1 triplet (m/d/d) –R1 single 4 14
1 triplet
(m/d/d) –R1 pair
plus singles
1 15
2 triplets (m/d/d) 0 1
2 triplets (m/d/d) –R1 single 0 2
2 triplets –R1 pair
plus singles
0 4
Cells with d/d pairs 14 67
m, mother centriole; d, daughter centriole; , mother centriole; , daughter centriole.
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multiple primary cilia increased more than 7-fold in
CDK5RAP2RRF465/RRF465 MEFs (CDK5RAP2+/+: 4.7% versus
CDK5RAP2RRF465/RRF465: 33.3%) (Figure 5F) and was consistent
with the frequency of centriole amplification (Figure 3B). Immu-
nostaining for additional cilium markers, polyglutamylated
tubulin and polaris/IFT88, axonemal and intraflagellar transport
components of primary cilia, respectively, confirmed the
assembly of multiple cilia in mutant cells (Figures S5B and
S5C). These data reveal a propensity for mammalian cells to
form more than one primary cilium.
CDK5RAP2RRF465/RRF465 MEFs Assemble
Multipolar Spindles
The presence of supernumerary centrosomes is a potentially
dangerous condition at mitosis because centrosomes are domi-
nant MTOCs and therefore have the potential to organize micro-
tubules aberrantly into the spindle apparatus, to make inappro-
priate kinetochore attachments, and to assemble multipolar
spindles. The transient occurrence of multipolar spindles in cells
with amplified centrosomes can cause chromosomal instability
by the formation in inappropriate merotelic kinetochore-microtu-
bule attachments prior to centrosome clustering (Ganem et al.,
2009). Thus, spindle multipolarity results in the inappropriate
segregation of chromosomes, leading to aneuploidy with
increased cell death, but also a heightened propensity for tumor-
igenesis (Brinkley, 2001; Pihan and Doxsey, 2003; Nigg, 2006;DevelGanem et al., 2009). Centrosome clustering at spindle poles
assures spindle bipolarity in cells with more than two centro-
somes (Quintyne et al., 2005; Basto et al., 2008; Kwon et al.,
2008; Yang et al., 2008). Multipolar spindles were defined here
as one or more MTOCs positioned greater than 45 away from
the major axis of the spindle, as determined from spindle
microtubules and the configuration of aligned chromosomes
(Figure 6A). We found that CDK5RAP2RRF465/RRF465 MEFs with
two centrosomes formed bipolar spindles normally, as did
CDK5RAP2+/+ MEFs. However, 51% of mitotic CDK5
RAP2RRF465/RRF465 MEFs with supernumerary centrosomes
formed multipolar spindles, while the remaining 49% assembled
a bipolar, or pseudo-bipolar, spindle (Figure 6B). Since 30% of
mutant MEFs had amplified centrioles, this amounts to approx-
imately 15% of total mitotic CDK5RAP2RRF465/RRF465 MEFs
with multipolar spindles. Thus, centriole amplification in
CDK5RAP2RRF465/RRF465 MEFs can lead to multipolar spindle
formation. However, aberrant anaphase or telophase stage
cells were not observed, an indication that multipolar spindles
are resolved into bipolar spindles before anaphase onset.
Centrosome clustering is accomplished during a delay in
mitosis due to activation of the spindle checkpoint by amplified
centrosomes, allowing the cell time to correct spindle assembly
defects (Basto et al., 2008; Kwon et al., 2008; Yang et al., 2008).
Using live cell imaging, we observed that the timing of ana-
phase onset was prolonged by approximately 48% in
CDK5RAP2RRF465/RRF465 MEFs compared to CDK5RAP2+/+opmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc. 921
Figure 5. Supernumerary Mother Centrioles and Primary Cilia
in CDK5RAP2RRF465/RRF465 MEFs
(A) CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs stained with the
daughter centriole-specific marker centrobin (left; red in merged panel), the
mother centriole-specific marker cenexin/ODF2 (middle; green in merge),
and DNA (blue in merge). Insets show enlargements of the centriole region.
(B) Percentages of cells with zero, one, two, or greater than two mother centri-
oles in CDK5RAP2+/+ (green bars) and CDK5RAP2RRF465/RRF465 (red bars)
cells. MEFs containing zero mother centrioles (CDK5RAP2+/+: 0.2% ± 0.2%
versus CDK5RAP2RRF465/RRF465: 1.2% ± 0.7%, p > 0.05), one mother centriole
(CDK5RAP2+/+: 89.3% ± 0.7% versus CDK5RAP2RRF465/RRF465: 62.5% ±
0.5%, p < 0.001), two mother centrioles (CDK5RAP2+/+: 8.2% ± 0.6% versus
CDK5RAP2RRF465/RRF465: 26.3% ± 0.9%, p < 0.0005), or more than two mother
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CDK5RAP2RRF465/RRF465 MEFs accomplish spindle bipolarity by
prolonging their stay in metaphase through checkpoint activa-
tion, providing time for supernumerary centrosomes to cluster.DISCUSSION
These data show that CDK5RAP2 maintains centriole engage-
ment and cohesion. Since centriole disengagement is the
licensing step that initiates centriole replication (Tsou and
Stearns, 2006a, 2006b; Nigg, 2007), the loss of CDK5RAP2
activity results in centriole amplification due to the failure to
maintain engagement of mother-daughter pairs. CDK5RAP2 is
therefore a negative regulator of centriole licensing. The ampli-
fied centrioles in CDK5RAP2RRF465/RRF465 MEFs impact not
only mitotic spindle assembly but also promote the ectopic
assembly of multiple primary cilia, templated by the excess
mother centrioles that accumulate in these cells.CDK5RAP2’s Role in Centriole Engagement
and Cohesion
The presence of single centrioles is an uncommon occurrence in
wild-type cells because mother-daughter centriole pairs remain
engaged after duplication until anaphase (Tsou and Stearns,
2006a, 2006b; Nigg, 2007). Following disengagement, the
centriole pair normally remains in close proximity through cohe-
sion, which persists from G1 through the G2/M transition. The
scattering of singlet centrioles and the centriole amplification in
CDK5RAP2RRF465/RRF465 MEFs show that engagement and
cohesion both require CDK5RAP2 function. Moreover, from the
two mutants we have generated, one hypomorphic and one
strong, it is evident that centrosome cohesion is more sensitive
to disruption of CDK5RAP2 than is engagement. Thus, even
the low (approximately 7% of endogenous) level of CDK5RAP2
expression from the leaky allele was sufficient to maintain
centriole engagement.
The prevailing model for control of centriole replication under-
scores disengagement as the initiating step for centriolecentrioles (CDK5RAP2+/+: 2.3% ± 0.7% versus CDK5RAP2RRF465/RRF465:
10.0% ± 1.0%, p < 0.005).
(C) Dot plot of the average number of mother (CDK5RAP2+/+: 1.3 ± 0.05 versus
CDK5RAP2RRF465/RRF465: 1.6 ± 0.2) and daughter (CDK5RAP2+/+: 1.3 ± 0.1
versus CDK5RAP2RRF465/RRF465: 2.4 ± 0.15) centrioles per cell. Data were
collected from three independent experiments, 90 cells total.
(D) CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs stained for g-tubulin
(left; red in merged panel), the cilium axoneme marker acetylated a-tubulin
(middle; green in merge), and DNA (blue in merge). Image in bottom panel
shows four cilia in a cell with eight centrioles.
(E) The percentage of cells that formed primary cilia in CDK5RAP2+/+ (green
bars) and CDK5RAP2RRF465/RRF465 (red bars) MEFs (CDK5RAP2+/+: 71.2% ±
3.6% versus CDK5RAP2RRF465/RRF465: 74.0% ± 0.9%, p > 0.05).
(F) The percentage of MEFs forming a single primary cilium (CDK5RAP2+/+:
95.3% ± 0.8% versus CDK5RAP2RRF465/RRF465: 66.7% ± 2.4%, p < 0.005) or
more than one primary cilium (CDK5RAP2+/+, 4.7% ± 0.8% versus
CDK5RAP2RRF465/RRF465, 33.3% ± 2.4%, p < 0.005). For (B), (E), and (F),
data were collected from three independent experiments; n = 200 cells per
experiment (except in F, where n = 150 cells with primary cilia per experiment).
Scale bar = 10 mm. MEFs in (C)–(F) were blocked in G1 by serum starvation.
See also Figure S5.
nc.
Figure 6. Multipolar Spindles Form in CDK5RAP2RRF465/RRF465 MEFs
(A) Schematic outlining the criteria used to designate bipolar and multipolar spindle formation. To qualify as multipolar, spindles had an MTOC offset of greater
than 45 from the dominant spindle axis as determined from spindle microtubules and DNA alignment.
(B) Mitotic figures immunostained for g-tubulin (first row; red in merged panel), a-tubulin (second row; green in merge), and DNA (third row; blue in merge).
In CDK5RAP2RRF465/RRF465 mitotic MEFs with multiple centrosomes, 51% of mitotic spindles were multipolar (n = 43). Arrows indicate examples of the excess
spindle poles and arrowheads indicate chromosomes configured improperly on the metaphase plate. Scale bar = 10 mm.
(C) Scatter plot showing the timing from nuclear envelope breakdown (NEBD) to anaphase onset in CDK5RAP2+/+ and CDK5RAP2RRF465/RRF465 MEFs. In a small
population of CDK5RAP2RRF465/RRF465 MEFs, the time between nuclear envelope breakdown and anaphase onset was prolonged, with an approximately 8
min, or 47.7%, increase in the time spent to reach anaphase (CDK5RAP2+/+: 17.2 min ± 0.7 min versus CDK5RAP2RRF465/RRF465: 25.4 min ± 2.1 min,
p < 0.0001); nR 25.
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of centriole replication (Tsou and Stearns, 2006a, 2006b; Nigg,
2007). Disengagement is activated by separase at the meta-
phase-to-anaphase transition (Tsou and Stearns, 2006b). The
molecules required to maintain engagement of centrioles, thus
preventing relicensing and restricting duplication, are not known.
Our data indicate that CDK5RAP2 is required to restrict centriole
replication by maintaining mother-daughter centrioles in the
engaged state. The prevalence of singlet centrioles and excess
daughter-daughter pairs strongly implicates disengagement
combined with relicensing as mechanisms underlying centriole
amplification in CDK5RAP2RRF465/RRF465 MEFs (Figure 3E,
model).DevelSince separase initiates disengagement, it is possible that
CDK5RAP2 is a target of this protease or that its localization or
activity is inhibited by separase. We tested CDK5RAP2 as a sep-
arase substrate using in vitro translated human CDK5RAP2 with
purified human separase, but detected no apparent cleavage of
CDK5RAP2 (data not shown). Despite this negative result we
cannot rule out the possibility that additional factors, posttrans-
lational modifications, or its centriolar context are needed for
separase to target CDK5RAP2. The extent of the relationship
between these two engagement regulators remains to be deter-
mined.
An alternative hypothesis for the amplification of centrioles in
CDK5RAP2RRF465/RRF465 MEFs is unrestricted de novo centrioleopmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier Inc. 923
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daughters from mothers, centrioles can form in cells that lack
any centrioles by de novo assembly (Marshall et al., 2001; Khod-
jakov et al., 2002; La Terra et al., 2005; Uetake et al., 2007).
However, the presence of even one centriole in a cell suppresses
de novo centriole assembly (La Terra et al., 2005). Since centri-
oles are present in CDK5RAP2RRF465/RRF465 MEFs during ampli-
fication we favor the loss of engagement/relicensing model as
proposed above. However, we cannot exclude the possibility
that CDK5RAP2 suppresses de novo centriole formation.
How CDK5RAP2 regulates engagement and cohesion is
unclear, but it is likely that these two centriole-binding processes
are related at the molecular level, as demonstrated by the
CDK5RAP2 mutant phenotypes. The displacement of rootletin,
a structural component of cohesion fibers (Bahe et al., 2005),
from its normal localization pattern atCDK5RAP2mutant centro-
somes is consistent with the role for CDK5RAP2 in maintaining
cohesion, as presented here and reported recently by RNAi
knockdown in cell culture (Graser et al., 2007). That the RNAi
depletion of CDK5RAP2 did not produce the single centrioles
and centriole amplification phenotypes reported here is likely
due to the partial depletion of CDK5RAP2 by siRNAs. This
supposition is strongly supported by our results with the weak
CDK5RAP2 mutation in CDK5RAP2RRU031/RRU031 MEFs. Thus,
partial loss of CDK5RAP2 function results in loss of cohesion,
while strong loss of function additionally results in loss of
engagement.
Another recent study, again targeting CDK5RAP2 by RNAi,
reported that depletion of CDK5RAP2 disrupted mitotic centro-
some MTOC activity and g-tubulin recruitment (Fong et al.,
2008), similar to the phenotype of cnn mutant Drosophila cells
(Megraw et al., 2001). In contrast, we observed no apparent
effect on mitotic centrosome MTOC activity or g-tubulin recruit-
ment to centrosomes in CDK5RAP2RRF465/RRF465 MEFs. Never-
theless, the possibility remains that such a function is retained
by the first 435 amino acids of CDK5RAP2, which are still present
in the RRF465 truncation mutant. It is also possible that off-target
affects contributed to the phenotypes seen by Fong et al. (2008).
Myomegalin/PDE4DIP, the other CNN ortholog in mammals
(Verde et al., 2001), might work redundantly with CDK5RAP2 in
mitotic centrosome assembly and could have been an off-target
in those experiments. Since antibodies against mouse myome-
galin were unavailable, we were unable to examine its expres-
sion or the effect, if any, ofCDK5RAP2mutations on myomegalin
localization. It remains possible that myomegalin shares redun-
dant functions with CDK5RAP2 in mitotic centrosome function,
similar to the defined role for CNN in Drosophila.
CDK5RAP2 Mutant Mice
The CDK5RAP2 mutant mice described here showed no overt
defects in somatic growth, body weight, adult behavior, or
female fertility. Male fertility was mixed, with about 33% of males
showing reduced fertility in CDK5RAP2RRF465/RRF465 mice. Male
infertility might be a genetic background effect, a possibility that
will be tested via backcrosses to the C57BL/6 and 129Ola
strains. Brain size and gross morphology appeared to be normal,
indicating that disruption of CDK5RAP2 does not cause MCPH in
mice. It is possible that in mice, unlike in humans, the develop-
ment of the cerebral cortex is not CDK5RAP2 dependent.924 Developmental Cell 18, 913–926, June 15, 2010 ª2010 Elsevier IIn one scenario, mice may have redundancy in CDK5RAP2 func-
tion and compensatory mechanisms might account for the lack
of an obvious brain phenotype in these mutants. Myomegalin
might play this role. Alternatively, CDK5RAP2 may be required
in humans to populate the cerebral cortex with the significantly
larger number of neurons (1011) than exist in the mouse (107);
human brain development was proposed to involve an extra
set of neural progenitors (Fish et al., 2008). Alternatively, other
differences in cerebral cortex development between mouse
and human may account for the different requirements for
CDK5RAP2. Yet another possibility is that strain background
effects masked phenotypic penetrance in the mouse mutants re-
ported here.
The physiological consequences of the plethora of cellular
defects we describe, including multiple centrosomes in inter-
phase and mitotic cells and excess numbers of primary cilia in
CDK5RAP2RRF465/RRF465 mice, are at present unknown. The
establishment of these mouse mutants will enable deeper inves-
tigations into the mechanisms by which the organism ‘‘copes’’
with these centrosome-based aberrations during development
and in the adult. It is an intriguing possibility that centrosome
amplification underlies the etiology of human MCPH. Since the
primary cilium, once thought to be a cell vestige with no function,
has emerged as a key signaling ‘‘antenna’’ for the cell (Singla and
Reiter, 2006), the amplified cilia could produce altered
responses to intercellular signaling that affect cell division, cell
fates, or cell migration. An alternative mechanism might be
a primary defect in neural stem cell divisions caused by the pres-
ence of multipolar spindles. Early in the development of the cere-
bral cortex, ventricular neural stem cells divide symmetrically to
expand the progenitor pool; neurons arise somewhat later from
asymmetric cell divisions of ventricular stem cells and from
symmetric divisions of intermediate cortical progenitor cells
(Fish et al., 2006, 2008; Buchman and Tsai, 2007). The formation
of multipolar spindles, even transiently prior to anaphase, could
alter the control of symmetric and asymmetric divisions, thereby
affecting neural cell fates.
EXPERIMENTAL PROCEDURES
Mouse Genetics
Chimeras were generated by injection of embryonic stem cells from clones
RRF465 and RRU031 (Bay Genomics) into host blastocysts of C57BL/6J
mice and then transferred into uteri of pseudo-pregnant C57BL/6J females.
Male chimeras were mated with C57BL/6J females and F1 progeny were
subsequently intercrossed. The b-Geo insertion site was mapped by southern
blotting and PCR analysis. Splice-trap transposon sites were mapped to sites
approximately 8.8 and 11.1 kbp from the 50 ends of exons 3 and 12 in
CDK5RAP2RRU031 and CDK5RAP2RRF465 mutant mouse lines. Genotyping
was done by PCR. Sequencing of these alleles revealed that, while the
CDK5RAP2RRF465 line had an intact transposon, the CDK5RAP2RRU031 line
had a 133 bp deletion at the 50 end of the transposon. Mouse protocols
were approved by the Institutional Animal Care and Use Committees at Univer-
sity of Texas Southwestern and Florida State University.
MEF Derivation and Culture
A heterozygous cross was observed for the copulatory plug (E0.5). MEFs were
then derived from gestation day E14.5. After removal of the head and internal
organs, embryos were rinsed in phosphate-buffered saline (PBS) and incu-
bated in 0.05% trypsin at 4C overnight. Embryos were then mechanically
dissociated with a 1ml pipette and allowed to settle. Cells from single embryos
were plated onto a 100 mm culture dish (Grainer Bio-One) with DMEMnc.
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incubated at 37C in a 5% CO2 and 5% O2 humidifier chamber. Cell culture
reagents were purchased from GIBCO-BRL except where noted. Plating after
dissociation was considered P0 and the first replating 2 days later was P1.
All experiments were performed using cells between P4 and P8, on sibling
MEFs cultured side by side. MEF genotypes were confirmed by PCR.
Cell Culture and Treatments
NIH 3T3 cells were cultured in DMEM containing 10% FBS, 100 U/ml penicillin,
and 100 mg/ml streptomycin and incubated at 37C in a 5% CO2 humidifier
chamber. Cell culture reagents were purchased from GIBCO-BRL except
where noted. Serum starvation to induce cilium formation was accomplished
by culturing cells in DMEM containing 0.5% FBS, 100 U/ml penicillin, and
100 mg/ml streptomycin and incubated for 36 hr. Cells were cultured in
complete medium containing 30 mM Nocodazole (Sigma-Aldrich) for 2.5 hr
to achieve microtubule depolymerization. MEFs were synchronized by
double-thymidine block by incubating freshly plated cells for 12 hr in complete
medium containing 2 mM thymidine (Sigma-Aldrich), released for 16 hr in
complete medium, and then replated and incubated for 12 hr in complete
medium containing 2 mM thymidine. Cells were finally released for 8 hr before
fixation to examine mitotic cells.
Immunostaining and Microscopy
Cells were seeded onto 4 well slides and incubated overnight. Next, cells were
rinsed briefly (2 s) in PBS and fixed in20C methanol for 10 min. After fixation,
cells were washed 5 min in PBS and primary antibodies (see Supplemental
Experimental Procedures) were added in staining solution (5 mg/ml BSA,
0.1% Saponin, and 0.1% Triton X-100) for 1 hr; thereafter cells were washed
three times for 5 min in PBS, and secondary antibody conjugates to Alexa
488 or 546 (Invitrogen) were applied at 1:500 dilution for 1 hr. Three 5 min
washes in PBS preceded the mounting of slides. Cells were imaged with
a TCS SP2 confocal microscope (Leica) with a 633/NA 1.4 oil immersion
objective or with an Axioskop microscope (Carl Zeiss, Inc.) with a 633/NA
1.4 oil immersion objective and a Coolsnap FX CCD camera (Photometrics)
with Metamorph software (Molecular Devices). Where noted, ImageJ (National
Institutes of Health) was used for data analysis.
Tissue Sectioning and Microscopy
A CDK5RAP2+/RRF465 timed pregnant female that was mated with a heterozy-
gous male was deeply anesthetized [12.5 mg/ml Tribromoethanol (Avertin),
administered at 250 mg/kg, i.p.) followed by cervical dislocation. Embryonic
brains were recovered, post-fixed overnight in 4% paraformaldehyde in 0.1
M phosphate buffer, cryoprotected in 30% sucrose in 0.1 M phosphate buffer,
and frozen in80C 2-methylbutane. Frozen 30 mm thick sections were immu-
nostained on-slide. The tissue was incubated in primary antibodies overnight,
washed, and then incubated with secondary antibodies for 2 hr. Sections were
imaged as described above. For adult brain sections, CDK5RAP2+/+ and
CDK5RAP2RRF465/RRF465 mice and brains were processed as above, fixed
overnight in 4% paraformaldehyde in PBS, and embedded in paraffin.
Mounted 20 mm thick coronal sections were stained 1 min in Harris Hematox-
ylin (American Master Tech Inc.), washed 1 min in water, rinsed in Scott’s Solu-
tion, stained 1 min in Eosin Y stain (American Master Tech Inc.), dehydrated in
ethanol (95% followed by 100% ethanol), quickly rinsed in Xylene, and cover-
slip mounted with Permount (Fisher Scientific).
Statistical Analysis
Statistical analyses were performed using Prism 5 (GraphPad Software, Inc.).
All statistical tests were two-tailed and were considered to be statistically
significant at p < 0.05. An asterisk denotes p < 0.05 and two asterisks denote
p < 0.01. In all cases, error bars represent the SEM.SUPPLEMENTAL INFORMATION
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